Abstract. The speciation trend of dissolved copper (DCu) was studied by first time in a Galician Ria across the estuarine zone of the Vigo Ria during the wet season and related to the copper levels in suspended particulate matter (PCu) and sediments. In the riverine and ocean end-members DCu concentrations can be defined as pristine (<4 nM in Oitavén River). DCu is not conservative during the estuarine mixing and its concentration increase (5-8 nM) cannot be only associated to PCu (0.5-1.0 nM) variations and the ria sediments may be an important DCu source. DCu speciation was mainly controlled by two types of ligands (log K′ L1 = 12.9-13.9; log K′ L 2 = 10.8-12.1). In all samples the concentration of L 1 (C L1 = 15-34 nM) was greater than that of copper, which speciation is so dominated by this strong organic ligand. The transport of copper contamination from the middle Ria to the San Simon Inlet is limited during the wet season: in spite of similar salinities, DCu in the Inlet (6 nM) was much lower than at Rande Strait (15 nM).
INTRODUCTION
The biogeochemical cycles of trace metals as copper are affected by the mixing process between the different phases, i.e. dissolved-SPM-sediment and chemical species.
In the simplest situation river waters are gradually mixed in the estuary with seawater generally causing a dilution of trace metal concentrations. Several studies have demonstrated that dissolved copper shows a net increase in the estuary which can be due to: (1) mobilization of copper from riverine SPM during the estuarine mixing (Zwolsman et al., 1997; Nolting et al., 1999; Martino et al., 2002; Robert et al., 2004) , (2) mobilization of copper from resuspended sediments (Lapp and Balzer, 1993; Paucot and Wollast, 1997) , (3) inputs of dissolved copper from interstitial waters in the sediments (Byrd and Andreae, 1986 ) and (4) other localised inputs as industrial activities usually (Turner, 1999) .
However, there are major rivers like the Mississippi where copper behaves conservatively (Shiller and Boyle, 1991) .
Speciation studies have shown that copper tend to occur complexed by organic matter in estuarine waters and that this complexation may affect its geochemistry through control of the rate of scavenging, thus increasing their residence time in the estuary (van den Berg et al., 1987) . The complexation also changes the bioavailability to organisms. It is therefore important to determine the chemical speciation of copper in addition to their partitioning across dissolved and particulate fractions, and the fraction in the sediments available for exchanging. It will be demonstrated that not only the strongest organic ligands but also the weakest ones play a very important role in diminishing the toxicity of the estuarine waters as pointed out before in the San Francisco Bay waters (Buck and Bruland, 2005 ).
An important lack of studies about copper speciation in a ria system has been reported in a recent review and only total dissolved copper levels have been investigated during the estuarine mixing of a Galician Ria Cobelo-Garcia and Prego, 2004a) . Any toxic effects of copper could have serious implications to local mussel mariculture (Galician Rias produces ~250,000 ton of mussel per year, about 50% of the European production; Smaal, 2002) and it is of special interest a monitoring of the toxic species of this metal such as its free ion (Brand et al., 1986) . Thus, the objective of this article is investigating the conservative pattern of dissolved copper and its speciation along the salinity gradient in a ria system: the ) that runs the 85% of the total freshwater arriving the ria; so, during the low river waters the estuarine mixing has very scarce importance looking at the Vigo Ria and it must be studied in the wet season.
Previous works in estuarine waters rich in SPM indicated that the metal concentration is mostly controlled by interactions with the SPM (Martino et al., 2002) . In the Vigo Ria the levels of SPM are low (Prego et al., 2006) so its role must be clarified. This study will be of interest for future research in this type of estuaries were mariculture is one of the main activities developed on them.
MATERIAL AND METHODS

Sampling
Employing trace metal techniques, eight surface water samples were collected along the axial salinity gradient of the Vigo Ria on 16 th December 2004 following the winter estuarine mixing in counter-current during high tide (Fig.1) . Sample locations were chosen to reflect the whole salinity gradient (values in table 1). The narrow channel formed by the river Oitavén was covered by sampling stations A to E. The mouth of the channel is usually affected by saline water even at low tide and due to the effect of the pillars of three bridges a local resuspension of sediments may occur. San Simon Inlet was covered by sampling stations F and G. The bottom slopes down from a depth of ~5 m near the Oitavén mouth to a depth of 25 m near the Rande Strait (station H) where there is a motorway bridge.
A telescopic pole with a bottle holder and sensors for in situ analysis of salinity, pH and temperature was attached to a raft and used to collect water samples. All samples were taken in polyethylene bottles which had been acid-washed and rinsed with water.
Prior to filling with sample, the bottles were conditioned three times with the same water.
On the same day, samples were filtered in the IIM-CSIC laboratories through a 0.2 µM polypropylene Nuclepore filter inside class 100 laminar flow hood in a "ultra-clean" laboratory class 1000 lab to avoid contamination. Filtrates and filters were frozen and stored at -20ºC until dissolved and particulate copper analysis. 
Analysis
Total dissolved copper concentration in the filtered samples was determined as Campos and van den Berg (1994) . Seawater was UV-digested after acidification to pH 2.2 with HCl in acid cleaned silica tubes. A 10 ml sample aliquot was pipetted into the voltammetric cell and ammonia was added to approximately neutralise the pH; HEPES buffer and SA were added. Copper analyses were carried out using voltammetric equipment consisting of an Autolab PGStat 10 voltammeter connected to a Metrohm VA 663 electrode stand, controlled by a computer. The reference electrode was double junction, Ag/AgCl, KCl (3M), saturated AgCl, with a salt-bridge filled with 3 M KCl, and the counter electrode was a glassy carbon rod. A hanging mercury drop electrode (HMDE) was used as the working electrode.
Copper complexing ligands titrations was similar to that described before (Campos and van den Berg, 1994) . A 170-mL filtered sample was transferred to a polyethylene bottle and HEPES buffer and SA were added. 10-mL aliquots were pipetted into 15, 30 mL, polystyrene vials, previously spiked with copper to give a concentration range between 0 and up to 400 nM added copper and allowed to equilibrate overnight at room temperature ( (Ruzic, 1982; van den Berg, 1982) . The slope and Y-axis value of this plot allow estimation of the complexing capacity and the conditional stability constant of the copper ligands. Labile copper concentrations ([Cu labile]) corresponding to the concentration of Cu(SA) 2 were obtained from the peak heights of the voltammetric scans and the sensitivity. The concentration of organically complexed copper was calculated by subtraction of the labile from the total copper concentration in each aliquot. The sensitivity of the CSV measurements was initially estimated from the linear part of the titration at high copper concentrations and corrected for underestimation using an iterative calculation similar to that used previously (Turoczy and Sherwood, 1997 (Laglera and van den Berg, 2003) by iterative fitting of the data to two complexing ligands.
Filters obtained from filtered water and sediment were digested in a microwave oven (Milestone MLS-1200 Mega) using Teflon bombs according to the EPA 3052 guideline method (Kingston, 1992 was used to certificate the quality of the analysis (error percentage in the range of 2.4%).
RESULTS
The salinity, temperature and pH at the sampling stations is shown in Table 1 . The temperature at the river end-member (9.4 ºC) was lower than the temperature at the seawater end (13.4 ºC) showing temperature increase with the increase of salinity. The pH distribution reflects a similar pattern with values ranging from 6.5 at the freshwater end to ~8.1 at the high salinity end DCu, ligand concentrations and conditional stability constants are summarised in Table 1 . DCu throughout the ria was in the range of 4 to 15 nM (Table 1 ). The lowest value found corresponded to the Oitaven river waters (salinity 0) while in Rande Strait DCu concentrations were the highest (15 nM). The data were fitted to two types of ligands, L 1 and L 2 (Fig.2) . The strongest ligand (L 1 ) was present at concentrations in the range 15 to 34 nM. The concentration was fairly constant or with a little increase between salinities 0 and 20 but a sudden decay of L 1 was observed at salinity 24.6 that continues until salinity 35. The concentration of the second ligand (L 2) was generally greater than L1 ranging from 10 nM to 96 nM. Higher values were present at low salinity waters decreasing towards the marine end-member. Values of logK 1 range between 12.9 and 13.9, with higher values in the lower salinity waters. The stability constants for the second ligand, logK 2 range between 10.8 and 12.1 also showing a general decrease from the low salinity end.
Decreasing values of logK with increasing salinity are expected as the copper complexation suffers increasingly from competition by the major cations. The pCu in the ria was found to vary between 12.5 and 14.6. The area around Rande is where the free copper ion concentration was the highest (12.5) due to a combination of weaker complexation (main effect due to saturation of L 1 ) and higher copper concentrations.
The concentration of SPM and its content in particulate copper (PCu) and aluminium are indicated in Table 2 . SPM in the Vigo Ria varied between 0.8 and 3.6 mg L -1 (Table 2 ). In the inner estuary SPM decreases with increasing salinity up to 18 mg L River mouth. The labile concentration of copper in the sediments is generally low and follows a distribution similar to the total concentration (Fig.3) . All the exchangeable copper concentrations are below 0.5% with the exception of the sediments close to the Alvedosa mouth which have values between 0.6 and 2.5%.
DISCUSSION
The low part of the Oitaven River was characterised by salinities lower than 15 and DCu concentrations with a progressive but not pronounced increase from 4 to 6 nM of DCu in the freshwater end-member (Fig.4a) . This non-conservative trend is associated to a slight increase of the strongest ligands (L 1 ) (Fig.4b ) which implies both variables co-vary in this section of the estuarine mixing, as has been pointed out for the Scheldt estuary (van den Berg et al., 1987; Nolting et al., 1999) . PCu showed an opposite trend to DCu (Fig.5) thus, an interchange between both phases may be occurring. However, PCu cannot be a significant contributor of copper to the dissolved phase because its concentration is less than the rise of dissolved one (Table 1) . This leads to the assumption of sedimentary origin of DCu and ligands.
Salinity varied from 20 to 34 in the San Simon Inlet and SPM concentration were the highest measured. In this area of the ria, there are SPM inputs from Alvedosa River , and resuspension of fine particles (as result of the tide in the sallow waters; Mota et al., 2005) , corroborated by Aluminium levels of SPM (Fig.5 ) and the sediment mud percentage (Fig.1) . Therefore, DCu was keeping the non-conservative trend (Fig.4a) and its levels decrease down to the marine end-member concentration of 2-3 nM reported for North Atlantic (Campos and van den Berg, 1994) . This copper concentration may be considered as toxic (Brand et al., 1986) for some plankton species which feed the mussels cultivated in this area. Therefore, the Rande Strait may be a key part of the estuary. A ria transport model using tracking particles (GomezGesteira et al., 1999) predicted an accumulation of them in this area, leading so to contamination and sedimentation. This is corroborated by higher copper concentrations in the sediments and a strong SPM gradient within the San Simon inlet that suggests sedimentation as SPM does not reach off inlet. The strong gradient of total dissolved copper in the strait can be associated to scavenging by the strong sedimentation of SPM and the biological filtration due to the mussel rafts placed close to the strait that eventually deposit metals as faecal pellets .
Dissolved copper behaviour along the estuarine mixing in the Vigo Ria can be defined as non-conservative with a slightly increased levels at mid salinities. This pattern has also been found in estuaries like the Scheldt (Zwolsman et al., 1997) and was thought to be mainly due to metal releases from sediments and SPM at mid salinities. The offshore ria seawater level of DCu (2-3 nM: Campos and van den Berg, 1994; Santos-Echeandía et al., 2005) becomes greatly enhanced by local inputs (harbour and shipyard activities) inside the ria (Prego et al., 2006) . It is common in some estuaries (Helz et al., 1975; Turner, 1999) , but the estuarine zone in the Western Galician Rias is normally placed in the innermost ria (Evans and Prego, 2003) . It is different of the typical estuarine coastal systems, so in the Vigo Ria the estuarine mixing is usually located in the low part of the Oitavén River and the San Simón Inlet during the wet season.
For this reason and the Rande Strait influence already explained in this section, the transport of copper contamination from the middle Ria to the San Simon Inlet is limited during the wet season: in spite of similar salinities, DCu in the Inlet was much lower than at Rande Strait (Table 1) . Similar pattern was observed for the strongest complexing ligand (L 1 ) along the estuary (Figure 4b ). Compared to the linear dilution line L 1 showed a midestuarine maximum suggesting that the mid-estuarine copper release was in complexed form. A possible source could be the sediments, according to the observed in laboratory experiments with the resuspended matter of San Simon Inlet (Cobelo-García and Prego, 2004b) and in other estuaries (Shank et al., 2004; Mota et al., 2005) . On the contrary, the weaker ligand (L 2 ) seems to be less affected by other parallel processes apart from the simple dilution of the waters (i.e. resuspension) occurring during the estuarine mixing (Fig   4c) . The concentration of L 1 was generally much greater than that for DCu, so the copper speciation is largely determined by this ligand in the ria case. 4.0 ± 0.2 32.8 ± 2.8 13.70 ± 0.10 96 ± 8.4 12.1 ± 0.2 14.6 B 4.5 9.6 7.02 5.9 ± 0.1 30.0 ± 6.9 13.50 ± 0.13 92 ± 9.8 11.5 ± 0.1 14.2 C 10.4 10.1 7.27 5.6 ± 0.7 29.8 ± 1.1 13.08 ± 0.03 63 ± 10.9 11.1 ± 0.1 13.7 D 14.7 10.4 7.24 6.0 ± 1.2 31.0 ± 1.9 13.15 ± 0.05 62 ± 16.0 11.3 ± 0.3 13.8 E 20.0 10.8 7.96 7.8 ± 0.9 34.0 ± 1.5 12.87 ± 0.04 53 ± 6.6 10.8 ± 0.6 13.4 F 24.6 11.2 7.98 7.6 ± 0.2 21.4 ± 1.9 13.90 ± 0.30 49 ± 2.0 11.7 ± 0.2 13.6 G 33.7 12.1 7.96 5.9 ± 0.3 20.2 ± 1.8 12.92 ± 0.08 10 ± 3.8 11.8 ± 0.5 13.3 H 35.0 12.1 7.99 14.7 ± 0.9 15.0 ± 0.5 13.43 ± 0.05 20 ± 1.6 11.4 ± 0.1 12.5 
